: FIB-TEM-EDS analyses on starting material and products at sub-seismic and seismic rates. (a) SEM image of the starting material with carbon grains (black in color ranging from tens to hundreds micrometers in size) are well-distributed. (b) The carbon grain cut from the starting material with the FIB method. (c and d) TEM image and EDS spectrum of poorly order carbon found in the starting material. The presence of gallium ion in the spectrum is the due to TEM lamella sample preparation. (e) Lamella of the PSZ of the gouge sheared at sub-seismic rates (s1090) cut with the FIB method. (f) TEM-EDX of the gouge sheared at sub-seismic slip rates: the selected area includes carbon (53.50 wt.%, main element), plus copper (18.80 wt.%, TEM grid), oxygen (12.41 wt.%), silicon (8.44 wt.%), aluminum (3.67 wt.%), gallium (1.3 wt.%, due to sample preparation), and potassium (0.86 wt.%), chloride (0.38 wt.%), and iron (0.64 wt.%). (g) The FIB lamella of the PSZ of the gouge sheared at seismic rates (s1002). (h) TEM-EDX of the gouge sheared at seismic slip rate (s1002): the analyzed grain (also shown in Fig. 4d ) is mainly made by carbon (96.4 wt.%). The presence of copper (3.6 wt.%) is due to TEM grid. Computation of temperature evolution in the principal slipping zone A finite element methods thermo-mechanical model was performed with COMSOL Multiphysics® software to calculate the frictional heat produced during the experiments and the associated temperature evolution in the gouge and sample holder system (see [Kitajima et al., 2010] ).
Data repository Item DR2
The model considers a heat transfer model by thermal conduction. Temperatures are calculated as function of time, in correspondence of the equivalent radius position (ca. halfway between inner and outer radiuses of the gouge layer). This temperature was named T eq in previous works [e.g., Kitajima et al., 2011] .
The geometry of the sample assemblage of SHIVA was fully reproduced, including the shape and the type of material of the different domains (gouge, steel, etc.). The mesh was triangular, with element size of <250 μm in the gouge domain and <1.25 mm in the steel domains. Thermal properties are summarized in Table 1 for: gouge, ALSI304 steel and tungsten carbide. The following experimental data are imported in the model: i) the total torque measured during the experiment M(t), and ii) the equivalent velocity v eq (t). We calculated: i) the shear resistance of the gouge τ(t) (Equation 1) , ii) the equivalent velocity v eq (t), and converted in angular velocity ω(t) (Equation 2) to calculate then the tangential velocity v(r,t) (Equation 3).
τ(t) = (3*M(t)*0.736*10 6 )/(2*π*(r o^3 -r i^3 )) Eq. 1 ω(t) = v eq (t)/(4/3*π*(r i^2 +r i *r o +ro^2)/(ri+ro)) Eq. 2 v eq (r,t) = 2π*ω(t)*r Eq. 3
Where r i and ro are the inner and outer radius of the gouge ring (0.0175 and 0.0275 m, respectively).
Shear resistance τ and tangential velocity v eq (r,t) are calculated after [Shimamoto and Tsutsumi, 1994] .
The heat source (W/m 2 ) was positioned as sketched in ( Figure DR03 ) and calculated according to:
The position of Q is at the boundary between gouge layer and steel, differently from previous studies where heat sources were located inside the gouge layer [Kitajima et al., 2010; French et al., 2014] .
We chose this heat source position because of microstructural evidences of heat and strain localization along this interface. 
Data repository Item DR4

Description of method of Raman spectroscopy and peak decomposition of Raman spectra
The Raman spectra of carbonaceous materials were directly measured on powder with a Horiba Jobin Yvon UV-VIS Labram HR Micro-Raman spectrometer at the National Taiwan Museum, Taiwan, and with the Thermofisher un-polarized apparatus at the department of Chemistry at Padua university, Italy. A green laser monochromatic light (wavelength 580 nm) was used as the excitation source and beam size was 1-2 μm with a ×50 objective, with a final laser power of 5 mW at sample surface. Acquisition time was 2 seconds and 5 spectra were measured for each sample. Peak analysis was performed using the commercial software PeakFit 4.12 (Systat Software, Inc.) and the following parameters were calculated: peak intensity, peak width (at half maximum), and peak position (frequency). Peak profiles were fitted using a pseudo-Voigt function (Gaussian-Lorentzian linear combination) (Sadezky et al., 2005; Furuichi et al., 2015) . Peak analysis was done with an excitation beam of wavelength of 532 nm and focused in the 1100-1800 cm -1 region of the Raman spectrum which includes the first-order bands of CM: the G (from 1575 cm -1 -1592 cm -1 ), the D1 (from 1330 cm -1 -1336 cm -1 ) and the D3 (from 1490 cm -1 -1525 cm -1 ) bands (Fig. 1b inset in the main text) .
For the natural fault samples, we analyzed clay-sized fraction carbon deposited on glass slides (Si et al., 2014) . For each sample, ten analyses were taken and then all the spectral parameters were averaged ( Fig.1b and c) . For the experimental products, we analyzed the strain localization zone of the gouge layer. For each deformed sample, fourteen analyses were taken and then all the spectral parameters were averaged (bigger solid shapes in Fig.3 ; DR5). 
